Introduction
SPIDER [1, 2] is a beam test facility to be hosted at the Consorzio RFX site in Padua, Italy. It represents the first step towards the full scale demonstration of the feasibility of the deuterium beam injectors for the ITER fusion experiment [3] .
The main goal of this prototype is to prove the capability to generate a one hour long D − beam pulse at the current level required by ITER but with a reduced beam energy (up to 100 keV). The 100 keV deuterons will be dumped against a target (the beam dump) tilted by 30°relatively to the beam axis (figure 1). The beam dump is a rectangular panel made of CuCrZr-alloy water-cooled hypervapotrons with an elemental composition of about 99% Cu.
The SPIDER D − beam is composed of beamlets in a matrix arrangement. Their dimensions at the dump surface are 40 × 22 mm 2 . The total beam current of 40 A is spread out over a surface of ≈ 1 m 2 for a reference average current density of 40 A/m 2 and deuterium flux of 2.5 × 10 20 D/m 2 s.
The neutron production due to fusion reactions between beam deuterons and deuterons implanted in the dump will be a few times 10 15 neutrons per SPIDER pulse. Each SPIDER pulse has a duration up to 30 minutes. Some variations of the power on a timescale of 1 s, mainly due to plasma modification inside the RF source, can be expected. The neutron intensity emitted from the beam dump is suitable for diagnostic applications.
In this paper a neutron diagnostic designed to provide the map of the beam intensity with a spatial resolution approaching the size of individual beamlets is described. The system uses nGEM neutron detectors. These are Gas Electron Multiplier detectors equipped with a cathode that also serves as neutron-proton converter foil. The cathode is designed to ensure that most of the detected neutrons at a point of the nGEM surface are emitted from the corresponding 40 × 22 mm 2 beamlet footprint on the dump front surface. Results achieved using small size nGEM prototypes in terms of measurements of directionality capability, neutron detection efficiency and response to different neutron fluxes are reported in this paper.
CNESM principle
The proposed detection system is called Close-contact Neutron Emission Surface Mapping (CNESM). It is placed right behind the beam dump (see figure 1) , as close as possible to the neutron emitting surface. A small distance (about 30 mm) between the diagnostic system and the beam dump is crucial in order to provide the map of neutron emission on the beam dump surface with good spatial resolution.
The detectors to be used in this diagnostic system are nGEM detectors [4] . These are Gas Electron Multiplier (GEM) detectors [5] equipped with a solid-state, fast neutron converter cathode, similarly to what is done for detection of 14 MeV neutrons from fusion plasmas [6] . The goal of each nGEM detector is to map the neutron emission from a group of 5x16 beamlets: populating the total beam dump surface would require a total of 16 nGEM detector units (area 35.2 × 20 cm 2 ). Since the GEM detectors operate at room pressure, they are placed inside a steel containment box connected to the outside of the SPIDER vacuum vessel by one pipe containing the electrical cables and the gas pipes feeding the gas mixture into the nGEM chambers.
A triple-GEM detector arrangement [7] will be used in CNESM. The readout pads will be arranged so as to have two pads (area 20 × 22 mm 2 ) per beamlet footprint, for a total of 160 readout channels. Cost-effective readout electronics is available and can indeed manage hundreds of readout channels. The front-end chips that will be used to readout all the pads are the CARIOCA-GEM digital chips [8] . Illustration of how the Al cathode thickness can be used to suppress detection of neutrons with oblique incidence. Neutrons are converted into protons in the polyethylene foil (black). Only one of the four protons in the figure crosses the Al foil (grey) and ionizes the gas, thus liberating primary electrons and generating a detectable signal.
nGEM detector: principle of operation
The principle of operation of the nGEM detector is shown in figure 2 . The cathode of a nGEM detector is composed by two layers: one polyethylene (CH 2 ) film and one Aluminum layer. The raw material of the cathode is constituted by an aluminum polyethylene sheet nominally 100 µm thick. Precise measurements only of the aluminum layer thickness found a mean thickness of 39 ± 2 µm: as a consequence the average CH 2 thickness is around 61 µm Incoming neutrons have an energy E n between 2.45 and 2.85 MeV, depending on the emission angle and are converted into protons by elastic recoil in the thin polythene (CH 2 ) film. Protons leaving the CH 2 film with enough energy can cross the Al foil and reach the gas, thus ionizing it. The drift gas effective thickness (3 mm wide) is narrower than the proton range: only a fraction of the proton energy is deposited in the gas and detected. Primary electrons freed by interacting protons are then drifted to the GEM foils where they are multiplied [9] . The signal (around 50-100 ns duration) generated by the movement of primary and secondary electrons is induced on a padded anode that is connected to the front end electronics.
Since the planar neutron source to be mapped is at some distance from the detection surface, better spatial resolution is achieved if the trajectory of the detected neutrons is not too far from being perpendicular to the cathode surface. Figure 2 illustrates how this is achieved by suitable choice of the Al foil thickness: the 40 µm thick Al foil stops all protons with a recoil angle θ p > 45°a nd/or with a recoil energy E p <2.1 MeV (E p =E n cos 2 θ p ). This directional response of the nGEM cathode to neutrons is beneficial also for rejecting neutrons reaching the cathode after scattering off the beam dump structure.
CNEMS model simulation
CNESM was designed on the basis of simulations of the different steps, from the deuteron beam interaction with the beam dump to the neutron detection in the nGEM. Deuterium beam interaction was simulated using the TRansport of Ion in Matter (TRIM) code [10] : trajectories of 10 6 -3 -
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0.0 2.0x10 -7 4.0x10 -7 6.0x10 deuterium ions with an initial energy E 0 =100 keV and incidence angle equal to 60°relative to the normal to the CuZrZr-alloy beam dump have been simulated. At least 95% of the deuterons penetrate (by up to 0.8 µm) in the beam dump and will contribute to the neutron emission. The TRIM result was used to determine average deuterium energy and deuteron deposition rate as function of penetration depth (see figure 3 ). The latter was used to calculate the (time dependent) deuterium concentration using a so-called Local Mixing Model [11] whereby deuteron migration in the copper alloy is neglected and a local saturation value of 20% [12] is assumed for the deuteron concentration.
Neutron emissivity as function of penetration depth (see figure 3 bottom) was then calculated as y=Φσ n D , where Φ is the deuterium flux, σ is the energy-dependent D(d,n) 3 He fusion cross section and n D represents the implanted deuterium density. A more interesting quantity is the neutron brightness of the source, that is the line integral of the emissivity over the penetration depth. The brightness reaches a saturation value of about 1.4 · 10 12 n/(m 2 s) 2-3 minutes after switching on the beam.
The effect of the anisotropy of the fusion reaction cross section is to peak the neutron emission along the deuteron beam direction: it results in a shift of the neutron field at the detection surface igure 4. Simulated distribution of the energy deposited by protons inside the nGEM gas for different neutron incident angles θ n . The thickness of the Al foil was t=38 µm. The intensity is per unit neutron source. The bin width is 10 keV.
of about 10 mm compared to the ideal case of isotropic neutron emission described before, and can be taken into account in the simulations.
Neutron transport effects in the beam dump were investigated using the MCNPX code [13] . The beam dump model used for the simulation is made of two CuCrZn alloy layers and a layer of water in between; the layer thicknesses were chosen in order to reproduce the mass ratio of the cooling water and the copper alloy. About 10% of all neutrons with energy E n > 2MeV arriving at the nGEM detection surface do so after scattering at least once in the beam dump. Since the direction of scattered neutrons tends to be isotropic they are to a large extent rejected as a result of the directional response of the nGEM cathode. We conclude that neutron transport effects are not expected to perturb the measurement in a significant way.
nGEM response simulation
The energy spectrum deposited (E dep ) in the nGEM gas was also investigated with a MCNP model of the detector. A monoenergetic (E n =2.7 MeV), monodirectional point neutron source was placed at a distance d=30 mm from the cathode. The cathode was modeled as a slab composed by a 60 µm thick polyethylene film (CH 2 ), a t ≈ 40 µm thick Al foil and a 3 mm GEM gas mixture of Argon (45%), CO 2 (15%), CF 4 (40%). The resulting energy deposition spectrum is shown in figure 4 for different neutron incidence angles θ n . The overall signal intensity drops to almost zero for θ n > 45°confirming the directional response of the nGEM cathode to neutrons.
The energy spectrum rises sharply above E dep =90 keV and drops above E dep =240 keV. The detailed shape of the distribution within this energy range can be explained considering that the energy loss in the Al foil is a decreasing function of the proton energy and that the range of the most energetic protons exceeds the GEM gas thickness. The result is that higher energy protons deposit less energy in the gas, whereas the maximum deposited energy is achieved by lower energy protons that have a range matching the GEM gas thickness. We can therefore interpret the spectral shape as due to two main components: on the low energy side there is a peak due to energetic protons (dominant for lower neutron incidence angles) while on the high energy tail of the distributions there is the second component due to lower energy protons (dominant for larger incident angles).
The spatial resolution of the measurement is mainly limited by the width (FWHM) of the spatial distribution of recorded events on the nGEM cathode in response to a point neutron source on the beam dump surface. We consider here the width along the X-axis (see figure 2) . A limit case is one of unperturbed propagation of the neutrons from the point source. In this case the intensity at the cathode would have a 1/(x 2 +d 2 ) dependence and the FWHM value of about 60 mm would exceed the beamlet dimension (40 mm). The effect of the directional detector response due to the Al foil is to decrease the FWHM value to about 30 mm. This value was obtained by multipliying the integral of the energy distributions of figure 4 (each angle corresponds to a different position along the X-axis) with the 1/(x 2 +d 2 ) intensity distribution.
This simulation was performed for a monoenergetic 2.5 MeV neutron isotropic source. The D-D cross section is forward peaked which results in a 10 mm shift of the intensity profile along the X-axis but has practically no effect on the profile width.
The level of spatial resolution is adequate for unfolding the neutron source intensity from the 2D event map in the nGEM detector. The two-dimensional unfolding process will be able to achieve the spatial resolution needed to reconstruct the deuterium beam power profile along the dump. The choice of the code that will be used has not been made yet.
nGEM prototypes test
Two small area (10x10 cm 2 ) nGEM prototypes have been realized and tested using 2.5 MeV neutrons at the FNG (Frascati Neutron Generator) [14] located in Frascati in Italy (see figure 5 and figure 6 ). These are triple GEM detectors equipped with the CH 2 (61 µm) + Al (39 µm) converter cathode. The gaps geometry of these detectors is the same as the one used in Triple GEM LHCb detectors [15] currently installed into LHC at CERN (Drift / Transfer 1/ Transfer 2/ Induction = 3 mm /1 mm /2 mm /1 mm). Both detectors were operated using a gas mixture of Ar/CO 2 /CF 4 45%/15%/40%. The high voltage configuration was generated using the HVGEM [16] NIM module and the potentials were applied to each electrode by means of passive resistive-capacitive filters properly designed for a Triple GEM detector.
The first prototype (hereby called "analog" prototype) has 128 readout pads but just one of these pads is read out using a standard pre-amplifier (Ortec 142 IH), amplifier (Ortec 474), MCA (Ortec Maestro32) chain in order to get pulse height spectra as outputs.
The second one (hereby called "digital" prototype) has all the 128 pads readout by 16 CAR-IOCA chips and is able to measure the counting rate of the detector. All the CARIOCAs are then connected to a custom made FPGA Mother Board [17] that analyzes the LVDS (acronym for Low Voltage Differential Signals) signal coming from the chips. The digital prototype is a complete small version of the full size area nGEM for SPIDER. 
Directionality capability measurements
Since pulse height spectra are needed to measure nGEM directionality properties, the analog detector was employed in this exercise. In order to be able to detect neutrons and to be insensitive to photons, the following electrical configuration was applied to the device: E d (Drift Field) = E T 1 (Transfer 1 Field) = E T 2 (Transfer 2 Field) = 3 kV/cm, E Ind (Induction Field) = 5 kV/cm and V GEM = Σ∆V GEM = 970 V. This configuration corresponds to an effective gain that is about 96.
Directionality capability of this small size detector prototype was measured using a 10 8 n/(cm 2 ·s) flux of 2.5 MeV neutrons. The neutron flux is continuously monitored by a NE213 scintillator. The distance between the detector and the target was set to 20 cm. The chamber was precisely aligned with the center of the target of the neutron generator and several PH spectra were acquired in order to measure the neutron flux stability (around 5%). The detector was successively tilted (θ GEM ) by 10, 20, 30, 45, 60 and 90°with respect to the axis of the neutron generator and a pulse height spectrum was acquired for each tilt angle. Each pulse height spectrum was normalized considering the total number of neutrons generated by the neutron gun measured by the NE213 scintillator. The calibration between ADC channels and energy was determined by recording a pulse height spectrum from 5.9 keV 55 Fe x-rays. The energy/ADC channels relationship is obtained by recording the channel numbers corresponding both to this energy and to the energy (3 keV) of the argon escape peak (a well known effect in argon based gaseous detectors). In order to measure such a low energy x-rays the gain of the detector was increased (up to 10 4 ) with respect to the gain used to detect neutrons (96) and the difference between the gains was taken into account in the calculation of the energy/channels calibration parameters. Figure 7 shows the results of the measurements.
The rising edge on the left is due to the low level discriminator threshold applied in order to filter the electronic noise. Up to a value of 30°, no significant change in the pulse height shape and area is detectable. On the other hand for values of θ GEM > 45°, the counting rate drops suddenly and falls to almost zero for θ GEM = 90°. When the chamber is tilted by an angle θ GEM = 90°, the converter cathode is parallel to the neutron beam except for the effect of beam divergence and small alignment errors: as a consequence almost no interaction between neutron and polyethylene layer is expected and the corresponding measurement can be interpreted as a measurement of the background. Figure 8 shows the comparison for θ GEM = 0°between the MCNPX simulated PH spectra for three different aluminum thicknesses (33, 38 and 43 µm) and the measured one.
The difference in the rising edge could be explained by the fact that the experimental data are cut by the discriminator threshold: as a consequence the comparison should be limited to the energy range on the right hand side of the dashed line. In this range all simulations provide a good match to the measured PH spectrum.
In order to measure the directionality capability, PH spectra have been integrated over the threshold represented by a dashed line in figure 8 corresponding to the experimental data peak. Figure 9 shows the normalized integrated counts under the PH spectra for the experimental and the simulated data.
The measured counts corresponding to θ GEM = 90°have been subtracted from all the other PH spectra. Both experimental and simulated data have been normalized by dividing each point by the corresponding integrated PH area at θ GEM = 0°.
Both experimental counts and simulated data for t Al = 38 µm are reduced to about 80% of the initial value for θ GEM = 45°while, in the case of t Al = 43 µm and t Al = 33 µm, 80% of the initial value is reached respectively for an angle of about 30 and 50 degrees: the t Al = 38 µm simulations is able to reproduce the experimental data. This result confirms the measurement of the bare aluminum layer that reported a value of 39 ± 2 µm. 
nGEM neutron efficiency measurement
The nGEM neutron detection efficiency was measured using the digital prototype by dividing the nGEM counting rate by the neutron flux on the detector area. The neutron flux on the detector, determined using a calibrated NE213 liquid scintillator and knowing both the solid angle between the target and the detector and the detector active area, was kept constant at about 10 6 n/s. The NE213 scintillator, calibrated and provided by the FNG facility, is employed in order to discriminate between neutrons and background gamma rays [18] - [19] . Figure 10 shows the result of this measurement. Previous measurements using 137 Cs (662 keV) and 60 Co (1173 keV and 1332 KeV) γ sources [20] show that a triple GEM flushed with Ar/CO 2 /CF 4 45%/15%/40% is completely insensitive to γ rays of these energies if V GEM is kept lower than 1000 V. This is due to the fact that such high energies γ rays can interact in the detector only through Compton scattering in the solid materials (mainly the aluminum layer of the cathode and the copper layer of the first GEM). This interaction generates electrons with a very wide energy spectrum that release a very small amount of energy in the gas depending on their energy and emission angle: in order to detect them the detector gain and therefore V GEM must be higher than the one used to detect recoil protons.
In the plot of figure 10, two trends can be clearly distinguished: the first one for V GEM < 1010 V) and the second one (V GEM > 1010 V). Following what has been measured in [20] , it is possible to argue that the first region is due only to neutron detection while the second one is due also to photon detection. In addition when V GEM > 1010 V the detector measured signals also when the neutron beam was off.
In order to be completely insensitive to gamma rays V GEM should be kept around 970 V -10 -
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0.0 3.0x10 6 6.0x10 (Gain = 96) and at this V GEM value a neutron detection efficiency of about (1.1 ± 0.1) ·10 −5 was measured.
Neutron intensity scan measurement
The digital prototype was also employed in the measurement of the nGEM response to different neutron flux intensities as measured by NE213 scintillator. Figure 11 shows the measured nGEM counting rate as a function of the neutron flux on the detector. The efficiency measured using the slope of the fitted line is about (3.8 ± 0.17) · 10 −5 . The nGEM counting rate scales linearly with the intensity of the neutron beam. This is an essential feature in order to use a nGEM detector as a fast neutron beam monitor in the CNESM diagnostic system.
Conclusions
The proposed CNESM detection system was designed in order to meet the goal of providing the map of the neutron emission on the beam dump surface of the SPIDER facility. This is achieved by using nGEM detectors equipped with a cathode designed for detection of neutrons of energy E n >2.1 MeV with an incidence angle θ < 45°. CNESM was designed on the basis of simulations of the different steps from the deuteron beam interaction with the beam dump to the neutron detection in the nGEM and it will provide beam images with a spatial resolution matching the SPIDER beamlet footprints and a time resolution < 1 s, compatible with the time scale of the expected intensity and profile variations mainly due to the plasma conditions inside the RF source [21] .
First results achieved using small size prototypes show that these detectors possess the required directionality property and that experimental results are in agreement with MCNP simulations. In addition they have a neutron efficiency detection of about 10 −5 , their response scales linearly with the intensity of the neutron flux and, by proper setting of the effective gain, they are insensitive to gamma rays.
CNESM is a first step towards the application of this diagnostic technique to the MITICA beam test facility, where it will be used to resolve the horizontal profile of the beam intensity. The main difference between SPIDER and MITICA is the x100 larger neutron fluxes expected. This requires a reassessment including further tests of the radiation hardness of the signal readout electronics. The beam energy of 1 MeV and the grazing incidence of the beam with a tilt angle of the beam dump of about 6°are further differences that will require a careful optimization of the nGEM detectors features.
